The classical Hantzsch reaction is one of the simplest and most economical methods for the synthesis of biologically important and pharmacologically useful 1,4-dihydropyridine derivatives. Bismuth nitrate pentahydrate under microwave irradiation is proven to act as a very efficient catalyst for a one-pot, three-component synthesis of 1,4-dihydropyridines in excellent yields from diverse amines/ammonium acetate, aldehydes and 1,3-dicarbonyl compounds within 1-3 min under solvent-free conditions. The present environmentally benign procedure for the synthesis of 1,4-dihydropyridines is suitable for library synthesis and it will find application in the synthesis of potent biologically active molecules. The excellent yield and extreme rapidity of the method is due to a concurrent effect of the catalyst and microwave irradiation.
Introduction
In multicomponent reactions (MCRs), more than two reactants combine in a sequential manner to produce in a highly selective fashion a product that retains the majority of the atoms of the starting materials. In a MCR, a product is assembled according to a cascade of elementary chemical reactions. Thus, there is a network of reaction equilibria, which all finally flow into an irreversible step yielding OPEN ACCESS the final product. Such processes are of great interest in diversity-oriented synthesis, especially to generate compounds libraries for screening purposes [1] [2] [3] [4] [5] [6] . The Hantzsch reaction [7] , the oldest known synthesis of 1,4-dihydropyridines (1, and their derivatives, is one of the most general methods (changed) useful for the synthesis of a number of medicinally and pharmacologically molecules which includes commercial drugs such as nifedipine [8] , felodipine [9] , nicardipine [10] and amlodipine [11] which are used in treatment of angina and hypertension. It has been reported [12] [13] [14] that the pharmaceutical action of these drugs is related to binding to voltage dependent L-type of calcium channel and thus decreasing the passage of Ca 2+ ions to the cell. The result is relaxation of smooth muscle cells and lowering of the blood pressure. An alternate mechanism on a molecular level has been found and is based on increased NO release from the intact endothelium [15] . In addition, 1,4-dihydropydines have been reported as anticancer [16] , neurotropic [17] , glycoprotein inhibitors [18] , bronchodilating [19] , and antidiabetic [20] agents.
Recently a number of publications have appeared on the synthesis of 1,4-dihydropyridines [21] [22] [23] [24] [25] [26] [27] . Nonetheless, this reaction is still under active investigation because of the importance of the dihydropyridine products. A number of new catalysts, solid supports and solvents have been used for this reaction. Some recent examples include molecular iodine [28] , ruthenium trichloride [29] , lithium bromide [30] , Zn[(L)proline] 2 [31] , nano aluminium nitride [32] , bakers' yeast [33] , Wells-Dawson heteropolyacid (H 6 P 2 W 18 O 62 ·24H 2 O) [34] , silica gel supported sodium bisulfate [35] , solvents like trifluoroethanol [36] , and ionic liquid [37] . Many of these reported methods involve the use of expensive reagents, hazardous solvents, long reaction times and tedious workup procedures. Therefore, it is desirable to develop a rapid, efficient and practical method for the synthesis of 1,4-dihydropyridines under eco-friendly conditions.
We report herein an easy and extremely rapid method for the preparation 1,4-dihydropyridines under solvent-free conditions in the presence of catalytic amounts of bismuth nitrate under microwave irradiation. In contrast to the existing methods, our method is extremely rapid, simple and high yielding (Scheme 1).
Scheme 1.
Microwave-assisted one-pot, three component synthesis of 1,4-dihydropyridines using bismuth nitrate as catalyst (5 mol%) under solventless condition.
Results and Discussion

Results
We have been engaged in the study of microwave-induced reactions for many years. Using microwave irradiation technique we have successfully developed several new methodologies which include stereoselective synthesis of β-lactams [38] [39] [40] , synthesis of pyrroles [41] [42] [43] [44] , aza-Michael addition [45] , synthesis of quinoxalines [46] , etc. On the other hand, organo-bismuth chemistry [47] [48] [49] [50] is considered an emerging field of research in synthetic organic chemistry. We have demonstrated the catalytic activity of trivalent bismuth nitrate pentahydrate in a number of examples. These experiments resulted in various methods that include nitration of aromatic systems [51] [52] [53] , Michael reactions [54] , protection of carbonyl compounds [55] , deprotection of oximes and hydrazones [56] , Paal-Knorr synthesis of pyrroles [57] , hydrolysis of amides [58] , electrophilic substitution of indoles [59, 60] , synthesis of α-aminophosphonates [61] , and Biginelli condensation [62] . During the course of present study, it has been conceived that 1,4-dihydropyridine derivatives can be easily prepared using bismuth nitrate as the catalyst. Our success in the bismuth nitrate-induced reaction has revealed that this reagent acts as a Lewis acid. Moreover, it has been discovered that this reagent is compatible with the presence of sensitive functional groups. This idea has been extended in this paper to the reaction on carbonyl compounds (both aldehydes and 1,3-dicarbomyl compounds) with a suitable ammonia source in the presence of catalytic amounts of bismuth nitrate under solvent-free conditions.
Our initial work started with screening of catalyst loading and solvent so as to identify optimal reaction conditions for the synthesis of 1,4-dihydropyridines. First of all, a number of bismuth salts, e.g., bismuth chloride, bismuth triflate, bismuth subnitrate, bismuth bromide, bismuth iodide and bismuth nitrate pentahydrate have been screened using benzaldehyde, ethyl acetoacetate and ammonium acetate as a model reaction under automated CEM microwave irradiation conditions (300 Watts, 50 °C, 1 min). The results are shown in Table 1 . Bismuth nitrate pentahydrate was found to be the best catalyst under these conditions (Entry 6, Table 1 ). The reaction proceded in the absence of any catalyst (only microwave irradiation) in 52% yield within a minute (Entry 7, Table 1 ). When continued for 10 minutes the yield of the desired product could be increased to 64%. The same reaction was used to optimize the amount of the catalyst ( Table 2 ). The results show that 5 mol% bismuth nitrate pentahydrate is required to complete the reaction within one minute (Entry 6, Table 2 ). The reaction was then performed in various solvents as well as under neat conditions under identical microwave power using bismuth nitrate pentahydrate (5 mol%) as the catalyst to identify the best conditions ( Table 3 ). The results suggest that bismuth nitrate pentahydrate is the best catalyst under neat conditions for the reaction (Entry 8, Table 3 ). Considering the above observations we next carried out a series of reactions using various aldehydes, carbonyl compounds and aromatic amines/ammonium acetate in presence of bismuth nitrate pentahydrate (5 mol%) under microwave irradiation. Bismuth nitrate pentahydrate, a commercially available solid salt, is very economical and much less toxic than other Lewis acids. It is very convenient to conduct reactions with bismuth nitrate because of its stability in the presence of moisture and oxygen. In all the cases, the reactions were completed within 1-3 min and the products were obtained in excellent yield (Table 4) .
Discussion
A series of 1,4-dihydropyridines were synthesized by using diverse aldehydes, 1,3-diketo compounds and ammonium acetate/amines in the presence of bismuth nitrate pentahydrate (5 mol%) as catalyst under microwave irradiation. As shown in Table 4 , the reaction proceeded equally well irrespective of the nature of the carbonyl compounds (aliphatic, aromatic, heteroaromatic) or amines (aromatic, heteroaromatic) to afford the corresponding products in excellent yield (87%-99%). The catalytic system worked well with acid-sensitive heteroaromatic aldehyde (Entries 17-22, Table 4 ), α, β-unsaturated aldehyde (Entry 23, Table 4 ) and aliphatic aldehydes (Entries 24-25, Table 4 ). Aromatic primary amines (Entries 4, 6, 8, 9, 14, 20 and 22, Table 4 ) and heterocyclic amines (Entries 5 and 21, Table 4 ) upon reaction with aldehydes and 1,3-diketo compounds produced the corresponding products in excellent yields. When ammonium acetate was used as ammonia source (Entries 1-3, 7, 10-13, 15-19, 23-25, Table 4 ) equally excellent yields of the corresponding products were isolated. Importantly, all reactions were completed within 1-3 min (Table 4) . Tajbakhsh The selectivity observed in our current method for the preparation of 1,4-dihydropyridines is interesting because further oxidation to pyridine derivatives could be prevented under control of the exposure to microwave irradiation and judicial choice of the catalyst. Although we have had success in the preparation of 1,4-dihydropyridines following the above method, however, the mechanism has yet to be established. We have been working on the synthesis and biological evaluation of various β-lactams as novel anticancer agents [64] [65] [66] [67] [68] [69] [70] over the past several years. The synthesis of β-lactams through imines requires a carbonyl compound and an amine. Our study in this field, suggests that carbonyl compounds, amines/ammonium acetate and 1,3-dicarbonyl compounds in the presence of Lewis acid will produce 1,4-dihydropyridines in excellent yield. This hypothesis has been tested by reacting several carbonyl compounds and 1,3-dicarbonyl compounds using aromatic amine/ammonium acetate as ammonia source in the presence of catalytic amount of bismuth nitrate pentahydrate (Table 4) following Scheme 1. Although the mechanism of the reaction has not been studied in detail, based on the structure of the starting materials and products, a plausible mechanistic pathway may be suggested as follows.
In the initial step, bismuth nitrate acts as Lewis acid to facilitate the formation of the corresponding imine through a condensation of the amine/ammonium acetate and aldehyde. The 1,3-diketo compound is also activated due to the presence of bismuth nitrate and the equilibrium is shifted toward the enol form. As a result, a nucleophilic attack to imine carbon can take place. A second nucleophilic attack by another enol tautomer to the same carbon, subsequent ring-closure and dehydration yield the product (Scheme 2). Microwaves, as a part of electromagnetic spectrum, are composed of two field components: electric and the magnetic. For the purpose of heating, the electric component is important as it results in a force being applied to all the polar or charged species. Such species, in response to the electric field, start to move or rotate and this causes additional polarization of the polar species in the vicinity. When dipolar species are subjected to the electric component of microwave fields they start to oscillate, following the oscillation of the electric field. During such oscillation, the polar or charged species collide with neighboring particles (charged or neutral). This rapid motion and resulting intermolecular friction cause an intense internal heat that can increase the rate of reaction [71] . It is obvious that the dielectric properties of the material under consideration are of paramount importance. In presence of microwaves, bismuth nitrate increases the "anionic activation" [72] . On this basis, the relative permittivity (ability of a molecule to be polarized by the application of an electric field) of the carbonyl groups (aldehyde as well as the diketo compound) (Scheme 2) increases, which facilitates microwave heating extensively. The larger the relative permittivity of a substance, the greater will be the coupling with microwaves [73] . When the reagents (amine, aldehyde and 1,3-diketo compound) and the catalyst (bismuth nitrate pentahydrate) are subjected to microwave irradiation, microwaves passes through the (glass) walls of the reaction vessel and heat only the reactants avoiding local overheating at the reaction walls. This can eliminate reaction side products and helps to explain the higher yields and purities. The extreme rapidity with excellent yield of the reaction can be rationalized as a synergistic effect of the Lewis acid catalyst (bismuth nitrate) and microwave irradiation. (C, H, N) were conducted using the Perkin-Elmer 2400 series II elemental analyzer, their results were found to be in good agreement (±0.2%) with the calculated values for C, H, N. Bismuth nitrate pentahydrate (reagent grade) 98% (Cat # 248592-500G, Batch # MKBC6772) purchased from Sigma-Aldrich Corporation was used. All other chemicals were purchased from Sigma-Aldrich Corporation (analytical grade). Throughout the project solvents were purchased from Fisher-Scientific. Deionized water was used for the preparation of all aqueous solutions.
General Procedure for the One-Pot, Three-Component Synthesis of 1,4-Dihydropyridines
A representative experimental procedure (Entry 1, Table 4 ) is as follows: bismuth nitrate pentahydrate (5 mol%, 24 mg) was added to a mixture of ammonium acetate (1 mmol, 77 mg), benzaldehyde (1 mmol, 0.1 mL) and ethyl acetoacetate (2 mmol, 0.25 mL) in a microwave vial equipped with a small magnetic stir bar. The resulting mixture was stirred under automated CEM microwave irradiation at 50 °C (300 Watts, 20-45 psi) and the progress of the reaction was monitored by TLC every 30 seconds. After completion of the reaction (Table 4) ethyl acetate (5 mL) was added and the solution was filtered and washed successively with brine (3 mL) and water (3 mL). It was dried over anhydrous sodium sulphate and filtered. A short column of silica gel was used to isolate the product 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-diethylcarboxylate in 99% overall yield. -4-(4-nitrophenyl)-1,4-dihydropyridine-3,5-diethanone (Entry 11, Table 4 Table 4 
2,6-Dimethyl-4-phenyl-1,4-dihydropyridine-3,5-diethylcarboxylate (Entry 1,
2,6-Dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dimethylcarboxylate (Entry 3,
2,6-Dimethyl-1-(4-hydroxyphenyl)-4-phenyl-1,4-dihydropyridine-3,5-diethylcarboxylate (Entry 6,
2,6-Dimethyl-1-(4-methylphenyl)-4(4-chlorophenyl)-1,4-dihydropyridine-3,5-diethylcarboxylate (Entry 8,
2,6-Dimethyl-1-(4-methoxyphenyl)-4-(4-chlorophenyl)-1,4-dihydropyridine-3,5-diethcarboxylate (Entry 9,
2,6-Dimethyl
2,6-Dimethyl-4-(4-nitrophenyl)-1,4-dihydropyridine-3,5-diethylcarboxylate (Entry 13,
2,6-Dimethyl-1-(4-hydroxyphenyl)-4-(4-methoxyphenyl)-1,4-dihydropyridine-3,5-diethylcarboxylate (Entry 14,
Conclusions
Application of microwave technology to rapid synthesis of biologically significant heterocyclic molecules under solvent-free conditions is very promising and challenging. The ultimate aim, of course, is to use no solvent at all and to conduct the reactions under solvent-free conditions [74] . Development of cleaner technologies is a major emphasis in green chemistry. The combination of solvent-free reaction conditions and microwave-irradiation is used as an eco-friendly approach for the synthesis of a variety of products and this generally leads to large reductions in reaction times, enhancements of conversions, and changes of selectivity.
There is growing interest in the one-pot three component synthesis of 1,4-dihydropyridines because of the significant importance of this scaffold in preparing a wide variety of biologically and pharmacologically active molecules. On this basis we have developed an extremely rapid, convenient and environmentally benign route for the one-step synthesis of 1,4-dihydropyridines. The present methodology offers attractive features such as shorter reaction times, milder conditions, and simplicity of the reaction as well as excellent yield of the products. This reaction will be applicable to the synthesis of various organic compounds of medicinal interest.
